ABSTRACT: Once the moult patterns have been taken into account, feather methylmercury levels can be used to accurately measure the mercury burdens of seabirds. We used body feathers from live seabirds and from museum collections to examine geographical and temporal patterns of mercury contamination in the North Sea. This approach identifies an increase in mercury concentrations in seabirds of the German North Sea coast during the last 100 years, especially high levels during the 1940s, and reduced contamination in the last few years. Comparisons among populations suggest that some increases in mercury levels are predominantly due to local pollution inputs, as on the German coast, while in other areas deposition from jet stream circulation of global contamination may be the major contributor. Mercury levels are far higher in seabirds from the German North Sea coast than in populations from the north and west North Sea or from most areas of the North Atlantic. We advocate the use of museum collections of birds for studies of long-term changes in levels of mercury contamination.
INTRODUCTION
Heavy metals are toxic to aquatic organisms and are accumulated by many marine species. Technical advances in measuring, and in procedures for contamination-free samphng and handling of samples, now allow accurate measurement of heavy metal concentrations in water samples. But since this was not possible before the 1970s, data on natural levels of heavy metals in seawater do not exist. Low concentrations of a metal in surface layers of the sea may not indicate a low level of metal pollution, as high levels of biological production will cause rapid assimilation of many metals. The availability of metals to biota depend on whether they are ions in solution, adsorbed onto particles or in organic complexes. In this way, the concentration itself, of a dissolved metal in seawater may not indicate the availability of the metal to marine organisms. As a result, the use of 'biomonitors' has developed. Biomonitors also have the advantage of integrating exposure over time and space, and in some cases allow 'retrospective monitoring' by examination of metal levels in specimens collected in the past.
Many biomonitoring organisms have been used Molluscs combine many desirable characteristics for monitoring at a very local level (Phillips, 19901 . while seabirds can provide information over broader spatial scales {Furness & Greenwood, 1993) . Local uptake of mercury by seabirds is clearly seen from analysis of eggs (Becket, 1989 (Becket, , 1991 Becket et al., 1985 Becket et al., , 1991 . Analysis of mercury in feathers has the specific advantage that there are many dated museum specimens collected up to 150 years ago, which permit comparisons of contemporary and historical levels of mercury (Berg et al., 1966; Walsh, 1990; Thompson et al., 1992a Thompson et al., , 1993 .
In this paper, we will briefly review the evidence that justifies the use of feathers as monitors of mercury in the marine ecosystem, and then examine the spatial and temporal patterns shown for mercury levels in the North Sea, with particular emphasis on the situation in the German Bight.
FEATHERS AS MONITORS OF MERCURY
To be useful as a biomonitor, mercury levels in feathers must reflect ecosystem contamination. Mercury in marine invertebrates and small fish (as eaten by seabirds) is mainly methylmercury. Dietary assimilation of methylmercury by birds is consistently very high, though most inorganic mercury ingested is voided in faeces. Mercury is incorporated into feathers as they grow, and this has been shown experimentally to occur in a dose-dependent fashion (Scheuhammer, 1987; Lewis & Furness, 1991) . All the mercury in feathers is methylmercury (Thompson & Furness, 1989a) , and this allows a biochemical fractionation to be used to remove any inorganic mercury that has been deposited onto the feather from the atmosphere, or as dust in a museum drawer. Mercury in feathers is firmly bound to the keratin so that even extreme treatment with UV or heat does not alter the mercury content (Appelquist et al., 1984) .
Incorporation of mercury into feathers during their growth appears to be the main route of excretion of mercury from soft tissues. Some mercury is deposited into eggs by females, but in most species this is too little to result in significant differences in feather mercury levels between the sexes (Honda et al.. 1986; Furness et al.. 1990; Thompson et al.. 1991) . During the period between moults, mercury is accumulated in the soft tissues of birds and passes into growing feathers during the annual autumn moult (Braune & Gaskin, 1987a) . In a few species such as large albatrosses~ which have infrequent moults. it would appear that much of the methylmercury accumulated in soft tissues is demethylated into inorganic mercury, which is then stored in a nontoxic form bound in the liver (Thompson & Furness, 1989bi . In these species, methylmercury m feathers may not represent mercury uptake.
Feathers grown early in the moult incorporate highest concentrations of mercury; mercury concentration tends to decrease monotonically along feather sequences such as primaries (Furness et al.. 1986; Braune, 1987 : Braune & Gaskin. 1987a .
For environmental monitoring using feathers, the effects of moult on mercury levels of individual feathers can be minimized by pooling several small body feathers from a defined plumage area away from brood patches (Furness et al.. 1986) . If nestlings are used, little variation arises from feather growth sequence in some species (Lewis & Furness, 1991; Thompson et al., 1991) . It can be anticipated that m species where feather development occurs late in growth, mercury may accumulate in soft tissues until the opportunity arises for elimination into plumage. In such cases, the highest mercury levels will arise in the parts of the plumage grown first, exhibiting higher levels in down than in subsequently grown feathers.
The tendency of fully grown birds to excrete the burden of mercury accumulated in soft tissues into plumage at each annual moult means that mercury levels in feathers do not vary with age among adult birds (Furness et al., 1990; Thompson et al., 1991) . However, levels of mercury are usually higher in feathers of adult birds (representing accumulation for almost one year) than in feathers of chicks (representing mercury intake during their growth, plus any in the egg) (Hoffman & Curnow, 1979; Lindberg & Odsjo, 1983; Honda et al., 1985; Thompson et al., 1991) . An exception to this though, was found in common terns Sterna hirundo from the German North Sea coast (Thompson et al., 1993) , where egg mercury levels are very high (Becker 1991) . For monitoring purposes it is important to separate samples into first year and older birds.
For long-term comparisons, it is important that the diet remains the same, since mercury levels vary among prey species. This could be a serious confounding effect. It may be possible to detect changes in trophic relationships by analysis of stable isotope ratios, especially of nitrogen, in feather samples (Hobson & Welch, 1992; Rau et al., t992) . Species with a broad diet may best represent mercury levels in the ecosystem, but may be more likely than stenophagous species to show variations due to changes in diet composition.
Migratory birds or birds with large foraging ranges may be less suitable as biomonitors than non-migratory birds with short foraging ranges. Nevertheless, the former species can be useful as indicators of spatial trends in mercury contamination (see Table 1 ). Feathers from chicks or recent fledglings will be most clearly representative of the location where the chicks were reared, but will represent a more restricted period of time -from hatching to fledging. In small chicks, the mercury levels may be influenced by the mercury content of the egg as much as by the mercury in their food.
MATERIALS AND METHODS
Samples of 4-10 body feathers were taken from study skins in museums (Institut fiir Vogelforschung, Wilhelmshaven; Naturwissenschaftliches Museum, OsnabrLick; Nieders/ichsisches Landesmuseum, Hannover; Senckenbergmuseum, Frankfurt; Staatliches Museum f/ir Naturkunde, Stuttgart; Staatliches Museum f/ir Naturkunde und Vorgeschichte, Oldenburg; Staatliches Naturhistorisches Museum, Braunschweig; 121berseemuseum, Bremen; Zoologisches Forschungsinstitut und Museum Alexander Koenig, Bonn; Zoologisches Institut und Museum, Hamburg) and from live birds caught at colonies in the German Bight and in East Scotland and Shetland. Some freshly dead terns found at colonies on the German North Sea coast in 1988-90 were also available for analysis.
Feather samples were washed to remove gross surface contamination and museum samples were subjected to an orgamc mercury extraction to remove any remaining inorganic mercury contamination (Thompson & Furness, 1989a) . Liver and kidney tissues were oven dried at ca 60 ~ to constant mass. Acid digested samples were then oxidized with potassium permanganate to convert methylmercury to Hg--ions, and mercury levels were determined by a cold vapour technique. Further details of the methods and tests of their reliability are provided in Furness et al. (1986) , Thompson & Furness (1989a. b) , Lewis et al. (1993) . Statistical tests were two-tailed, and the level of significance was p < 0.05.
RESULTS
Numbers of study skins collected on the German North Sea coast varied among species (Table 1) . High levels of individual variation in mercury concentrations and small sample sizes, together with clumped distributions of samples over the decades, precluded analysis of historical trends for guillemot, Uria aa/ge, or kittiwake, Rissa tridactyla.
However, changes were statistically significant for the herring gull and the common tern. The results showed that the mercury levels of post-1940 were about twice as high as pre-1940 levels for adult herring gulls, and juvenile common terns (Table 1) , and also for herring gull chicks and adult common terns (Thompson et al., 1993) .
A more complicated pattern of variation was evident in the data for adult herring gulls, for which the largest sample sizes were available (Fig. 1) . Notwithstanding the variation between decades (1-way ANOVA of mercury concentration by decade f9,130 ----12.1, p < 0.001), a considerably higher level of mercury was found in adult and young German herring gulls than in conspecifics from East Scotland or Shetland {Fig. 1, Table  1 ). Indeed, levels of mercury in each species from the German Bight were consistently higher than the levels found in conspecifics from populations elsewhere (Table 1 and Thompson et al., 1992a, b) . Mercury levels in body feathers of adult common terns from the German North Sea coast were also higher than those found in this species in the Azores (1.57 ug g-l; Monteiro, unpubl, data) or Long Island (1.4 ug g-l; Gochfeld, 1980) .
Comparisons between colonies at the Elbe and the Jade showed that mercury contamination was much higher among chicks reared at the Elbe (Table 2 ). It would appear that despite these high levels of organic mercury, no detectable demethylation had occurred, since the measured concentration of methylmercury in livers was approximately the same as the measured concentration of total mercury in each sample (Fig. 2) .
DISCUSSION

Intraspecific variation in mercury concentrations
Mercury levels in feathers showed high variation among individuals in population samples, with a tendency for the data to be skewed, including a few birds containing particularly high concentrations (Table 1) . Such results are typical of mercury studies of seabirds (Walsh 1990 ) and may arise as a result of individual specializations in diet or from differences in the opportunities of birds to excrete mercury. The extensive individual variation makes it necessary to have large samples in order to test for differences between groups. Unfortunately, for many species the numbers of study skins in museums are too small to permit this and so comparisons over decades are limited to the birds collected in largest numbers, which are not necessarily the most common species.
Temporal patterns of mercury pollution
Despite pluvial inputs of mercury to the world's oceans being estimated to be about an order of magnitude greater than those from fluvial sources I 'Gill & Fitzgerald, 1987) , river systems heavily contaminated with pollutants can have a substantial local impact. Several large rivers which have passed through some of the most densely industrialized areas of Europe flow into the North Sea along the German coast, notable amongst these being the river Elbe. Common tern eggs from the Elbe estuary and from the inner German Bight are characterized by much higher mercury levels than those from the East and North Frisian Islands (Becker et al. 1985 (Becker et al. 1992 Becker, 1991} . During the 1980s. the Elbe transported 7-25 tonnes of mercury per year {Umweltbundesamt, 198g) which amounts to 40 % of the riverborne and to about 10 % of the total input of mercury into the Table 3 . In contrast to the recent reduction in the mercury load of the Rhine, mercury in the Elbe increased further in the 1980s (Umwelthundesamt, 1989) owing to a lack of emission controls in the former German Democratic Republic and Czechoslovakia.
Our results show that mercury levels in the herring gulls did not increase linearly during this century. We find two main phases of increase: initially during the 1940s and then. after a sharp decline in mercury levels in the 1950s, a prolonged increase during the 1960s and 1970s (Fig. 1) . The first peak may be explained by the additional input of heavy metals during the Second World War. Ignition devices of ammunition, mines and bombs contained mercury. Also. industrial production in Germany was unlikely to have been concerned with pollution control at that time. The second increase can be explained by the increasing industrialization in European countries after the Second World War. In the 1952-1960 533 152-838 1961-1970 664 389-836 1971-1980 392 186-632 1981-1990 171 11-301 Federal Republic of Germany, the use of mercury was highest during the 1960s and dropped to far lower levels in the 1980s (Table 3) . Accordingly, Becker et al. (1992) found indications of reduced mercury levels in common tern eggs from the Elbe estuary in 1989 and 1990. Lower levels of mercury in herring gull feathers collected in 1990 (Fig. 1 , and Lewis et al., 1993) seem to point in the same direction, While eggs provide a measure of mercury taken up by seabirds in a period of some days before egg-laying, mercury levels in feathers represent qptake of mercury over the period between moults (Furness et aL, 1986) and so provide a complementary picture. Continuing use of seabirds as monitors of mercury pollution of the North Sea coastal regions will provide a valuable measure of the effectiveness of pollution reduction programmes.
Spatial variation in mercury loadings
All of the seabirds examined show higher levels of mercury in the population of the German Bight than in populations from East Scotland or Shetland (Table 1) . Furthermore, the higher levels in seabirds from the German Bight seem to apply equally in the historical samples. Herring gulls from the German coast had consistently higher mercury levels from 1850 to 1940 than found in contemporary samples of herring gulls from East Scotland (Fig. 1) , and the same is true of guillemots and common terns (Table 1) . In some areas, herring gulls now feed extensively on terrestrial foods (especially garbage) and this is likely to have a lower mercury content than found in marine prey. It should follow that an increased use of terrestrial food would lead to a reduction in mercury accumulation. The lower mercury level in herring gulls from East Scotland might be attributable to a more terrestrial diet. The mercury level in lesser black-backed gulls from East Scotland is higher than the level in herring gulls, but is still only half the level found in German herring gulls (Table 1) . Differences in mercury levels in guillemots and kittiwakes from Scotland and Germany are pronounced. Clearly the German Bight has contained for a long time higher levels of mercury in the marine food web than have been present in the northern and north-western North Sea.
Effects of diet
On the southern North Sea coast, at least during the breeding season, both herring gulls and common terns feed inshore; common terns mainly on small fish and crustaceans (Boecker, 1967; Becker et al., 1987; Frank, 1992) , herring gulls predominantly on mussels Nfgtilus edulis, crustaceans and fish (Noordhuis & Spaans, 1992) . The preferred feeding area is the Wadden Sea. In this way, the mercury levels of their body feathers directly reflect changes in levels of mercury entering the North Sea ecosystem. This has previously been shown to be the case for eggs, despite the long-distance migrations of common terns . However, changes in diet composition between years (Becker et al., 1987) will add variance to mercury levels in samples gathered over long periods, while changes in diet over decades (Noordhuis & Spaans, 1992 ) may cause systematic bias that affects the interpretation of long term trends in feather mercury levels. We believe that the latter problem may be overcome by sampling diet composition of the study species, or for historical samples, by analysis of stable isotope ratios in feathers to detect changes in trophic relationships over time.
Chick feathers for local comparisons
On the German North Sea coast, distinct microgeographic differences in mercury contamination were found by means of egg analysis (Becker 1991 , Becker et al. 1985 , 1992 . The distinct differences in mercury contamination between the Elbe and Jade were also evident from analysis of mercury concentrations in common tern chick feathers, showing the utility of these in assessing local 'hotspots' of mercury contamination. Such a facility is not provided by feathers from adult birds in museums; those failed to resolve any significant spatial variation in mercury levels between regions of the German North Sea coast (Thompson et al., 1993) .
Possible toxic hazards
Mercury levels in common tern chicks from the Elbe are considerably higher than the levels at which toxic effects become evident in terrestrial and freshwater birds (Scheuhammer, 1987) . Despite the very high levels of mercury deposited in feathers and also retained in tissues (Table 2) , there was no evidence that the chicks demethylated organic mercury into a less toxic inorganic form (Fig. 2) , as some seabirds are believed to be able to do (Thompson & Furness, 1989b) . It is not known whether common terns have such an ability, or whether even these exceptionally high mercury levels are below toxic thresholds for this species. One approach to this question would be to sample feathers from individual adults and to monitor breeding performance in relation to the mercury burden of the individual (Thompson et al., 1991) . Similarly, it would be possible to examine mercury burdens of individual chicks and relate these to growth and survival.
